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A surface-tension-gradient-induced growth phenomenon is reported in lipid monolayer films. The sur­
face tension gradient is introduced to the monolayer film by local, subtle heating using the microscope 
light. This surface tension gradient is responsible for compressing the illuminated area continuously and 
induces the growth of domains of liquid condensed phase. The evolution of morphology from fractal to 
faceted and then to dendritic patterns is investigated by in situ  observations. The mechanism of pattern 
formation in this system is discussed.
PACS numbers: 68.10.—m, 61.30.—v, 61.50.Cj, 64.60.—i
M o no lay e r  films ad so rb ed  on the a i r -w a te r  su r face  p ro ­
vide an ideal tw o-d im ens iona l  system  to s tudy  p a t te rn  
formation processes [1,2]. It has long been known from 
th e rm o d y n am ic  and  spec troscop ic  d a ta  th a t  when a lipid 
m onolayer is com pressed  iso the rm ally  it undergoes  a 
series of phase  trans i t ions .  T h e  two phase  coexis tence  re ­
gion in the  f irs t-o rder  t rans i t ion  from a liquid ex p an d ed  
phase (L E )  to a liquid condensed  phase  (L C )  has been 
studied intensively, especially  a f te r  the  discovery  th a t  the 
m orphology  of the LC  d o m a in s  can be im aged  by fluores­
cence m icroscopy  [1 -4 ]  and  B rew ster  ang le  m icroscopy 
[5,6]. S o m e  specific fea tu res  m ak e  this system  unique  
from the  point of view of p a t te rn  fo rm a t io n  studies. 
First, the m orpho logy  of  LC  d o m a in s  varies from  c o m ­
pact to d en d r i t ic  and  f rac ta l  p a t te rn s  [2 -4 ,7 ] ,  which can 
now be s tud ied  in s i tu  exp e r im en ta l ly .  Second , since this 
system is t ru ly  two d im ens iona l ,  it is a cha l lenge  to in te r ­
pret the dev e lo pm en t  of the  b o u n d a r ie s  be tw een  LC and 
LE phases  with theories  of d en d r i t ic  g ro w th  [7,8] and  
faceted c rys ta l  g row th  [9]. H ow ever,  d u r in g  com press ion  
of the  film, flows a lw ays occu r  in the  w a te r  subphase .  So 
in previous s tud ies  it was difficult to t ra c e  a g row ing  
dom ain  over periods longer th an  10 s [3]. By in troduc ing  
an inhom ogeneous  e lec tr ic  field, it was possible to collect 
dom ains  u n d e r  the  m icroscope  and  s tudy  the ir  evolution 
process [10]. H ow ever ,  the  app lied  e lec tr ic  field in th a t  
case m ay  influence the m o lecu la r  ag g reg a t io n  dynam ics ,  
because the e lec tr ic  d ipo le-d ipo le  in te rac t ion  is believed 
to play an im p o r ta n t  role in LC  d o m a in  g row th .  In this 
Letter,  we report  for the first t im e  the  p a t te rn  fo rm ation  
induced by a su r face  tension g ra d ie n t  in m o n o lay e r  films. 
This g ra d ie n t  is in t roduced  by sub tle  local h ea t in g  using 
the i l lum ina tion  of the m icroscope.
T h e  t rough  for the m o n o lay e r  ex p e r im en t  is a co n v en ­
tional one [11]. It consists  o f  a Teflon b a r r ie r  and  a 
W ilhe lm y-type  su rface  tension m e asu r in g  system . Milli- 
pore filtered w a te r  is used as a subphase .  T h e  th ickness  
of the w a te r  su b p h ase  is ab o u t  1 cm. T h e  t e m p e ra tu re  of 
the w a te r  su b p h ase  is kept at 2 0 ° C  by a th e rm o s ta t .  T h e  
su r fa c ta n t  /?-(-)-/V , N - d ih e x a d e c y - ( 2 -[ 1 -(1  - im idazo ly l) -
p ro p y l la m in e )  ( D I P A )  is dissolved in ch lo ro fo rm  and  0.5 
m o l%  fluorescent probe  (D P P E -s u l fo rh o d a m in e )  is a d d ­
ed. T h e  m ix tu re  o f  the co m p o u n d s  is d ispersed  on the 
w a te r  su rface .  M o n o lay e rs  of D IP A  are  fo rm ed  s p o n ta n e ­
ously on the w a te r  su r face  a f te r  evapo ra t ion  of the 
ch lo ro fo rm . A fluorescence m icroscope  with a m ercu ry  
a rc  lam p  (100  W )  is used to observe the  d o m a in  grow th . 
T h is  lam p  also ac ts  as a h ea t in g  source  to es tab lish  a s u r ­
face tension g rad ien t .  A filter is used to g e n e ra te  green 
light ( 5 1 0 - 5 6 0  nm ) for the exc ita t ion  of  f luorescent m o l­
ecules. T h e  g row th  process o f  LC  d o m ain s  is recorded  by 
a m ic ro sco p e -m a tch ed  video system.
By com press ing  the m o n o lay e r  films with the moving 
ba rr ie r ,  the L E -L C  coexis tence  region is reached .  T h is  
coexis tence  region in the D IP A  m o n o lay e r  system  is 
c h a ra c te r iz e d  by the  fo rm a tion  of d a rk ,  f rac ta l- l ike  LC  
dom ains .  W h en  the  LC  d o m a in s  becom e sufficiently 
large, the  b a r r ie r  is s topped. T h e  d o m ain s  cease  g row ing  
w'hen an eq u i l ib r iu m  su rface  p ressure  is reached .  Be­
cause  the w a te r  flow in the t ro u g h  is w eakened  in the 
m ean t im e ,  it is easy to keep the  c lu s te r  u n d e r  inves t iga­
tion at the cen te r  o f  the  view field of the  m icroscope. A 
typical f rac ta l  p a t te rn  is shown in Fig. 1(a).  O n the r ight 
co rners  of this figure, the sh ad e  of the optica l  field d i a ­
p h ra g m  ( O F D )  can  be seen. T h e  d ia m e te r  of this O F D  
shade  is ab o u t  200 ¡dm. U n d e r  the  i l lum ina t ion  of the 
m icroscope light, the m orpho logy  of the  c lu s te r  develops 
g rad u a l ly ,  as shown in Figs. 1 ( b ) - 1 (e). In the  first 
several tens of seconds, som e of the  o u te r  a rm s  of  the 
c lus te r  m elt  and  the p a t te rn  shrinks. H ow ever ,  this 
period passes quickly  and  the c lu s te r  begins to grow. As 
ind ica ted  by the a r row  in Fig. 1 (b ) ,  faceted  d o m ain s  are  
form ed on the tips of the  f rac ta l  b ranches .  H ow ever,  
these faceted  tips a re  not s table .  A f te r  con t inuous  
g row th ,  d en d r i t ic  p a t te rn s  a re  induced , as shown in Figs.
1 ( c ) -  1 (e). T h e  d o m ain s  t ra p p e d  in be tw een  the d en d r i t ic  
s tem s are  also grow ing , bu t  the  m ost o u tw a rd  tips of the 
dom ain  have a h igher  p robab i l i ty  to develop into a d e n ­
d ri t ic  p a t te rn  (sc reen ing  effect)  [Fig. 1(e)]. In the LE - 
LC coexis tence  region, nuclea tion  of isolated LC  d o m ain s
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t= 0 sec 1= 70 sec t= 220 sec
FIG. 1. (a) The observed fractal pattern when the monolayer 
evolution of the same pattern from fractal to dendrites under the 
branches become thicker and faceted (b) (see arrows); gradually 
tips (c )- (e ) .
caused  by the light i l lum ina tion  has been observed in an 
a rea  initially free o f  any  LC  dom ains .  If  the nucleus  is 
form ed in the cen tra l  region o f  the view field, it develops 
into dendri tes ;  if the nucleus is induced  nea r  the  sh ade  of 
O F D ,  faceted  hexagona l  d om ain  will be form ed.
T he  m orpholog ies  of the LC d o m ain s  on the b o u n d a ry  
of the a rea  i l lum ina ted  by the  m icroscope  light a re  shown 
in Fig. 2. T h e  f rac ta l  b ran ch es  within the i l lum ina ted  re ­
gion have developed into m an y  faceted  re c ta n g u la r  
dom ains ,  w hereas  those ou ts ide  the  i l lum ina ted  region 
keep the ir  f rac ta l  shape. S om e m ino r  b ran ch es  are  even 
molten. T he  d ifferences in m orpho logy  a re  evident and 
the b o u n d a ry  is very sh a rp  be tw een  these  two regions. 
T h e  geo m etr ic  regu la r i ty  of the  faceted  d o m ain s  is shown 
m ore c learly  in Fig. 3 (a ) ,  w here  the do m ain  has sixfold 
sy m m etry .  T h e  face ted  d o m ain s  are  no rm ally  form ed 
near  the shade  of O F D .  T h e  light in tensity  near  the 
shade  is supposed  to be lower. H ence  the  driv ing  force 
for dom ain  g row th ,  as will be discussed below, is sm al le r  
in these regions. T h e  evolution of the  hexagonal  LC
d om ain  to d en d r i t ic  p a t te rn  is shown in Figs. 3 ( b ) - 3 ( d ) .  
O ne  can find th a t  the  co rners  o f  the  hexagon  a re  sh a r ­
pened and  d en d r i te s  with s tab le  tips and  evident main 
s tem s a re  even tua l ly  form ed.
In o rd e r  to u n d e rs ta n d  the  m ec h an ism  of the  observed 
p h en o m en a ,  the  t e m p e ra tu re  d ifference  be tw een  the  area 
d irec t ly  i l lum ina ted  by the  light o f  the m icroscope  and 
the su r ro u n d in g  u n i l lu m in a ted  region is m ea su re d  by two 
diode th e rm o m e te rs .  T h e  result  is shown in Fig. 4 (a ) ,  
which ind ica tes  th a t  the  t e m p e ra tu re  in the  i l lum inated  
a rea  is ab o u t  0 . 2 ° C  h igher  th an  in the su r ro u n d in g  re­
gions. A s ta t io n a ry  and  s tab le  t e m p e ra tu re  d is t r ibu t ion  is 
reached  a f te r  the  a rea  is i l lu m in a ted  for ab o u t  1 min. 
F igure  4 (b )  i l lu s tra tes  the su rface  tension (y )  o f  the 
D IP A  m o n o lay e r  film as a function  of t e m p e ra tu r e  of the 
w a te r  subphase ,  which ind ica tes  th a t  when the  tem p era -
(a)
t= 0 sec. t= 120 sec
(C) (d)
t=  260 sec. t= 570 sec.
40 p m
FIG. 2. The morphologies of the LC domains on the two 
sides of the shade of the optical field diaphragm. The branches 
of the fractals within the illuminated region have developed into 
connected rectangular domains (the upper parts of the picture), 
whereas the branches which were outside the field of view al­
most persist in the fractal-like pattern (the lower parts of the 
picture). The boundary between these two regions is sharp.
25 fjm
FIG. 3. (a) The hexagon domain observed in our system. 
The faceted domains are usually nucleated near the shade of 
the optical field diaphragm, (b ) - (d )  illustrate the evolution of 
the morphology of the same domain from hexagon to dendritic 
pattern. The inhomogeneous development of the dendritic 
branches is due to the influence of the neighboring domains.
t= 390 sec t= 820 sec
50 [Jm
is compressed to the LC-LE coexistence region, (b ) - (e )  show the 
illumination of the microscope light. At first the tips of the fractal 
these tips develop into dendrites with evident main stem and stable
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FIG. 4. (a) The temperature difference between the area il­
luminated by the microscope light and the area outside the 
shade of the OFD, which is measured by two diode thermome­
ters placed in these two regions, respectively. A stable tempera­
ture difference is achieved after illuminating the area for about 
l min. Before the microscope light is turned on, the measured 
nonzero voltage is due to the fact that the zero points of the 
thermometers are not identically adjusted. From the time 
scales on Figs. I (a) and l (b), one finds that the time when the 
fractal pattern shrinks corresponds to the transition period of 
the temperature increase, (b) The surface tension of a DIPA 
monolayer film as a function of temperature in the LE-LC two 
phase coexistence region. The area per molecule is fixed at 
about 0.5 n m 2/ m o l e c u l e  during the measurement, (c) A 
schematic diagram to illustrate the conditions near the il­
luminated region A. The temperature within A  is higher than 
the surrounding regions by AT. A difference in surface tension 
is established because of the temperature difference in these two 
regions (see arrows). The surface tension gradient across the 
boundary of A  is responsible for transporting molecules continu­
ously into A.
tu re  increases, the  su r face  tension of a m o n o lay e r  film 
will decrease .
O u r  e x p e r im e n ta l  results  suggest  th a t  the  observed 
g row th  p h e n o m e n a  a re  possibly due  to the  su r face  tension 
g ra d ie n t  across the  b o u n d a ry  s e p a ra t in g  the a re a  il­
lu m in a ted  by the  m icroscope  light and  the  su r ro u n d in g  
region. T h e  m icroscope  light in troduces  a local t e m p e r a ­
tu re  increase  A T  w ith in  the  a rea  viewed by the m ic ro ­
scope. A cco rd in g  to Fig. 4 ( b ) ,  A T  causes  a dec rease  of 
the su r face  tension. T h e re fo re ,  a c en tr ip e ta l  su r face  t e n ­
sion d ifference  is e s tab l ished ,  as i l lu s tra ted  in Fig. 4 (c ) .  
T h is  su r face  tension d ifference  t ra n sp o r ts  m olecules  c o n ­
t inuously  to a re a  A  in Fig. 4 (c )  from  the  su r ro u n d in g  re ­
gions. C o n seq u en t ly ,  the  L C  d o m a in s  w ith in  A  will grow. 
T h e  evolution of the  m orpho logy  shown in Fig. I can  be 
exp la ined  as follows. A t  the  beg inn ing  of an ex p e r im en t ,  
a LC d o m a in  with f rac ta l  shape  u n d e r  equ i l ib r ium  s u r ­
face p ressu re  Ylo(T)  is chosen, w here  T  is the  initial t e m ­
p e ra tu re  ( the  su r face  p ressu re  is defined as the  d ifference 
of the su r face  tensions of w a te r  and  m o n o lay e r  film, 
FI /water /monolayer)’ observ ing  the  c lus ter ,  the  hea t  
g e n e ra te d  by the m icroscope  light decreases  the local 
equ i l ib r ium  Surface tension from y o ( T )  to y q ( T  +  A T ) .  
C o rre sp o n d in g ly ,  the local eq u i l ib r ium  su rface  p ressure  
increases from  f l o i r )  to r i o i r  +  A7’). Because the hea t  
diffusion co n s tan t  is m uch  la rge r  th an  the m ass  diffusion 
co n s tan t ,  it takes  a very shor t  period o f  t im e for the local 
eq u i l ib r iu m  pressure  to ch an g e  from  n o ( D  to F l o i r  
+  A T ) .  H ow ever,  m ore  t im e  is needed to es tab lish  the 
new m olecule  c o n c e n tra t io n s  in LC  and  L E  phases, which 
belong to the  new th e rm o d y n a m ic  eq u i l ib r iu m  d e t e r ­
m ined by the new te m p e ra tu re .  D u r in g  this t rans i t iona l  
period, the  ac tu a l  su r face  p ressu re  is t im e d ep en d en t ,  i.e., 
n(/,7) is sm a l le r  th an  n0(r  +  A 7 )  bu t  is a p p ro a c h in g  
n o i r  +  A r ) .  H ow ever,  it is n o tew o r th y  th a t  the b a r r ie r  
has been s topped  in the  m ean t im e .  T h e  only way to in ­
crease  the  ac tu a l  local su r face  p ressure  in the  i l lum ina ted  
region is to increase  m olecu le  co n cen tra t io n  in the LE  
phase  by dissolving the  LC  d o m a in  and  im p o r t in g  m o le ­
cules from the  ou ts ide  o f  the  i l lum ina ted  region. T h e r e ­
fore, sh r in k ing  o f  LC  d o m a in s  can  be observed d u r in g  
this t ran s i t io n a l  period. A n a lo go us  to c rys ta l  g row th  
[12], we define a d im ension less  d r iv ing  force A / j / k T  o f  
p a t te rn  fo rm a tion  in this system ,
A¡¿_ 
k T
In
n(/,r)
n0(r)
w here  n ( / , r )  is the  t im e  d e p e n d e n t  su r face  p ressu re  and  
A/i is the ch an g e  of ch em ica l  po ten tia l .  T h e  subsc r ip t  
“ 0 ” s tands  for the  eq u i l ib r ium  value. F rom  this definition 
it follows th a t  the driv ing  force for d o m a in  g ro w th  d u r in g  
the t ran s i t io n a l  period, In[n(/,7  +  A T ) / U o ( T  +  A T ) ] ,  is 
negative. T h e  m elt ing  o f  the  f rac ta l  p a t te rn  s tops when 
the  ac tu a l  su r face  p ressu re  reaches  the  new eq u i l ib r iu m  
value n 0( r  +  A D .  A t the  sam e  tim e, the  es tab l ished  s u r ­
face tension g ra d ie n t  a t the b o u n d a ry  of a re a  A  com -
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presses con t inuous ly  the i l lum ina ted  region, which is re ­
sponsible  for t r a n sp o r t in g  m olecules  con t inuous ly  to a rea  
A.  Because of the  increase  o f  m o lecu la r  density ,  the local 
su rface  p ressure  increases. A f te r  the eq u i l ib r iu m  p res ­
sure  n0(r  +  A r )  has been reached ,  fu r th e r  increas ing  the 
su rface  p ressu re  c rea te s  an overp ressu re ,  which acts  as a 
positive driv ing  force for L C  d o m ain  g row th .  So the  LC 
d o m ain s  within  A  will grow in o rd e r  to d iss ipa te  the  ov e r­
pressure  and  m a in ta in  the  new local eq u i l ib r iu m  pressure  
n 0( r  +  A T )  [Figs. 1 ( c ) - l  (e)] .  F rom  Figs. 4 ( a )  and  4 (b )  
we can  e s t im a te  th a t  A / j / k T  in ou r  system  is ab o u t  0.8%, 
which is m uch  sm alle r  than  the conven tiona l  5 % -1 0 %  in 
com press ion  o f  a m on o laye r  film by m oving the  b a r r ie r  
[3,13]. T h is  m ay  explain  th a t  the initial f rac ta l- l ike  
dom ains  g en e ra ted  by com press ing  the  m o n o lay e r  film 
evolve g ra d u a l ly  to d en d r i t ic  p a t te rn s  (Fig. 1). In ou r  
system , by ch an g in g  the  in tensity  of the  m icroscope  light, 
the value of the eq u i l ib r iu m  m olecule  co n cen tra t io n  
(equ i l ib r ium  su rface  p ressu re )  in the i l lum ina ted  a rea  can 
be chan ged .  H ence  the driv ing  force for p a t te rn  f o r m a ­
tion can be contro lled .
A t the co rners  of a faceted  p a t te rn ,  the co n cen tra t io n  
g rad ien t  is h igher  than  in the m iddle  o f  the s t ra ig h t  edge 
[12,14]. T h e  m ass  t ra n s fe r  ra te  to the  co rners  is h igher  
than  at o th e r  places. So the co rners  grow m ore  rap id ly  
than  the c en te r  region and  a d en d r i t ic  p a t te rn  will a p p e a r  
on the co rners  of the  hexagon  (Fig. 3). T h e  s tudy  of  the 
s tab il i ty  of the faceted  d o m a in s  will be p resen ted  e lse­
where.
It is well known th a t  the m acroscop ic  m orpho logy  of a 
crysta l  reflects its m icroscopic  sy m m etry .  W e assum e 
th a t  this also holds for the g row ing  LC dom ains .  In Fig.
2 the d o m ain s  grow n from the previous frac ta l  b ran ch es  
possess r e c ta n g u la r  shapes. T h is  implies th a t  the  m o le ­
cules there in  m igh t  be a r ra n g e d  in (10) d irec tions. Each 
m olecule  m ay  have four neares t  neighbors .  In Fig. 3 (a ) ,  
however, the m acroscop ic ,  hexagona l  d om ain  suggests  
th a t  m olecules  m ay  be a g g re g a te d  into a m ore  c o m p ac t  
s t ru c tu re ;  i.e., each  m olecule  m ay  have six nea res t  n e ig h ­
bors. W ith  the sam e  bond energies ,  we suppose th a t  the 
s t ru c tu re  with the r e c ta n g u la r  la t t ice  has h igher  energy  
th an  the hexagonal  lattice; i.e., the  hexagona l  s t ru c tu re  is 
n ea re r  to the th e rm o d y n a m ic  eq u i l ib r ium  and  hence m ore  
stable . In a g row th  s i tua t ion  far from eq u i l ib r iu m , the 
ag g reg a t io n  process of the f rac ta l- l ike  d om ain  m ay  be 
m uch  fas te r  than  the re laxa tion  process of the molecules. 
So the m olecules  m ay  a g g re g a te  with a r e c ta n g u la r  l a t ­
tice. T h e  hexagonal  dom ains ,  however, a re  nuc lea ted  and  
grow und er  a lower driv ing force. M ean w h ile  the m o le ­
cules m ay  have sufficient t im e  to relax to m in im u m  e n e r ­
gy positions. T h e  d ifference in m acroscop ic  m orpho logy  
implies that, the s t ru c tu re s  o f  the  LC d o m ain s  m ay  d e ­
pend on the driv ing  force.
R ecen tly ,  the  m icroscopic  s t ru c tu re s  o f  the  monolayers 
have been s tud ied  by g lan c in g -an g le  x -ray  d iffrac tion , us­
ing the x-ray  b eam  from  sy n ch ro tro n  rad ia t io n  [15,16]. 
T h e  ex p e r im en ts  ind ica te  th a t  the  solid d o m a in s  in m ono­
layers have a m icroscop ica l ly  sixfold sy m m etry .  T h e  ex­
p e r im en ta l  resu lts  p resen ted  in this  L e t te r ,  however, indi­
ca te  th a t  the  light b e a m  used for observa t ion  or m e a su re ­
m en t  m ay  cause  an inh om o g en eo u s  d is t r ibu t io n  of driving 
force over the  m o n o lay e r  films. T h e re fo re  the  s t ruc tu re  
and  the m orpho logy  of the  d o m a in s  u n d e r  observa tion  or 
m e a s u re m e n t  m ay  be d iffe ren t  from  those in the  su r­
round ing  regions. T h is  s i tua t ion  m ost p ro b ab ly  happens 
when the light b eam  is s t rong  and  the  m o n o lay e r  is ex­
posed to the light b eam  for a long time. T h e re fo re ,  we 
suggest  th a t  it is im p o r ta n t  to take  into acco u n t  the  possi­
ble influence of the  m e a su r in g  m e th o d s  on the  s t ru c tu re  
and  m orpho logy  of  the d o m a in s  in m onolayers .
T h e  a u th o rs  th a n k  W. J. P. van E nckevort  and  X. Y. 
Liu for discussions.
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